Assembly and mutual proximities of ␣, ␤, and ␥ c subunits of the interleukin 2 receptors (IL-2R) in plasma membranes of Kit 225 K6 T lymphoma cells were investigated by f luorescence resonance energy transfer (FRET) using f luorescein isothiocyanate-and Cy3-conjugated monoclonal antibodies (mAbs) that were directed against the IL-2R␣, IL-2R␤, and ␥ c subunits of IL-2R. The cell-surface distribution of subunits was analyzed at the nanometer scale (2-10 nm) by FRET on a cell-by-cell basis. Immune responses are regulated by a series of proteins termed cytokines. Cytokines exhibit a high degree of redundancy and pleiotropy controlling a wide range of functions in various cell types. The redundancy is explained in part by the sharing of common receptor subunits among members of the cytokine receptor superfamily. Each cytokine has its own private receptor but may share public receptors with other cytokines. The multisubunit interleukin 2 receptor (IL-2R) includes three elements: the 55-kDa IL-2R␣, the 70-to 75-kDa IL-2R␤, and the 64-kDa IL-2R␥ subunits (1-7). There are three forms of cellular receptors for IL-2 based on their affinity for ligand and receptor subunit utilization: one with a very high affinity (IL-2R␣␤␥, K d 10 Ϫ11
Immune responses are regulated by a series of proteins termed cytokines. Cytokines exhibit a high degree of redundancy and pleiotropy controlling a wide range of functions in various cell types. The redundancy is explained in part by the sharing of common receptor subunits among members of the cytokine receptor superfamily. Each cytokine has its own private receptor but may share public receptors with other cytokines. The multisubunit interleukin 2 receptor (IL-2R) includes three elements: the 55-kDa IL-2R␣, the 70-to 75-kDa IL-2R␤, and the 64-kDa IL-2R␥ subunits (1-7). There are three forms of cellular receptors for IL-2 based on their affinity for ligand and receptor subunit utilization: one with a very high affinity (IL-2R␣␤␥, K d 10 Ϫ11 M), one with an intermediate affinity (IL-2R␤␥, 10 Ϫ9 M), and one with a lower affinity (IL-2R␣, 10 Ϫ8 M). IL-2R␣ is the private subunit employed solely by IL-2 whereas IL-2R␤ is shared by IL-2 and IL-15, and IL-2R␥ (now termed ␥ c ) is used in common by IL-2, IL-4, IL-7, IL-9, and IL-15 (3) (4) (5) (6) (7) . Although the physical relationship among the IL-2R subunits on the cell surface has been the subject of extended analyses, certain aspects are still being debated. It is clear that on addition of IL-2 there is heterodimerization of the IL-2R␤ and ␥ c chain cytoplasmic domains that mediate the signal for T cell proliferation (8, 9) . Although the existence of the high affinity heterotrimer in the presence of IL-2 is not in question, there are diverse views as to whether the heterotrimer can exist in the absence of IL-2 or whether it requires the presence of this cytokine for its formation. Saito, Kondo and their coworkers, on the basis of kinetic binding studies on human T cells with varying numbers of IL-2R␣ chains, proposed an ''affinity conversion'' model for the high affinity IL-2R (10, 11) . This model proposes that IL-2R␣ and IL-2R␤ subunits normally exist unassociated on the cell surface in the absence of ligand. The first mandatory reaction is proposed to be between IL-2 and IL-2R␣ and then between this binary complex and IL-2R␤. Subsequent studies using anti-IL-2R␣ or anti-IL-2R␤ antibodies to inhibit high affinity binding at 4°C and 37°C have been interpreted to support this affinityconversion model (12, 13) . Other studies support the contrasting view that IL-2R␣ and ␤ exist in preformed complexes. In crosslinking studies performed in the absence of IL-2 there appeared to be a close physical association of IL-2R␣ and IL-2R␤ (14, 15) . Furthermore, evidence for IL-2R␣-IL-2R␤ heterodimers in the absence of IL-2 was obtained by Scatchard analysis by using cell lines expressing different numbers of IL-2R␣ chains (16) . Finally, we used an IL-2 mutant analog, F42A, that fails to bind to the isolated IL-2R␣ subunit and an antibody, HIEI, that separates the IL-2R␣ and ␤ subunits to demonstrate that IL-2R␣ and ␤ exist as preformed complexes in which the affinity of IL-2R␤ for IL-2 is altered by the proximity of IL-2R␣ through mechanisms that do not require the prior binding of IL-2 to IL-2R␣ (17, 18) . Kuziel and coworkers made similar observations (19) . Another IL-2 analog, Lys-20, that fails to bind to isolated IL-2R␤ was used to show that the proximity of IL-2R␤ affects IL-2 binding by IL-2R␣ by mechanisms that do not require prior binding to IL-2R␤ (20) .
The relationship of ␥ c to the other subunits is less well defined. An interaction between IL-2 and the IL-2R␥ chain has been identified (21) . Furthermore, in the presence of IL-2,
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Abbreviations: Cy3, sulfoindocyanine succinimidyl bifunctional ester; FITC, fluorescein isothiocyanate; FRET, fluorescent resonance energy transfer; IL-2R, interleukin 2 receptor; mAbs, monoclonal antibodies. § To whom reprint requests should be addressed at: Metabolism Branch͞National Cancer Institute, Building 10, Room 4N115, National Institutes of Health, Bethesda, MD 20892-1374. e-mail: tawald@ helix.nih.gov. immunoprecipitation using anti-IL-2R␤ monoclonal antibodies (mAbs) led to the immunoprecipitation of IL-2R␤͞␥ complexes (22) . However, in the absence of IL-2, antibodies to IL-2R␤ did not coprecipitate ␥ c , raising the possibility that stable IL-2R␤͞␥ complexes are not preassembled on the cell surface (22) . Finally, the effect of the addition of non-IL-2 cytokines (e.g., IL-4, IL-7, IL-9, or IL-15) that bind to IL-2R␤ or ␥ c on the topology of the IL-2R subunits has not been defined. In the present study we used fluorescence resonance energy transfer (FRET) measurements to address these issues. FRET can be successfully applied to determine intra-and intermolecular distances at the 2-to 10-nm level. When an energy donor [usually fluorescein isothiocyanate (FITC)] and an energy acceptor (e.g., Cy3) are closely associated, there is tunneling of energy from the donor to the acceptor so that the emission from the donor is reduced and from the acceptor is increased. In the present work we used FRET measurements to define the assembly and mutual proximity among the three IL-2 receptor subunits in the resting phase and after the addition of saturating concentrations of IL-2, IL-7, and IL-15 that bind to the different IL-2R subunits.
MATERIALS AND METHODS
Cell Culture and Treatment with Cytokines. The Kit 225 K6 cell line (obtained from Takashi Uchiyama, Kyoto, Japan) that was originally derived from a human adult T cell lymphoma (23) , was cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 20 units͞ml of recombinant IL-2 and penicillin, and streptomycin. The IL-2 was added on a daily basis. Before the experiments the cells were washed in media without cytokine and were grown for 48-72 hr without further addition of IL-2. These cells were considered as resting control cells. The lymphokine-treated cell samples were supplemented with IL-2 (20 units͞ml), IL-7 (20 pM), or IL-15 (20 pM) and cultured at 37°C for 6 hr before harvesting the cells. The cells were then washed out of media and stained at 4°C with the anti-receptor mAbs.
Monoclonal Antibodies. The subunits of the IL-2R complex were targeted by the following antibodies: the ␣ subunit was defined either with anti-Tac (IgG2a) or 7G7͞B6 (IgG2a) mAbs. Anti-Tac competes with IL-2 for its binding site whereas 7G7͞B6 does not. The Mik␤1 (IgG2a) and the Mik␤3 (IgG1) are specific for the ␤ subunit, with Mik␤1 interacting with the cytokine binding site of this subunit. The ␥ c subunit was labeled by mAb TUGh4, purchased from PharMingen. The W6͞32 (IgG2a) mAb with specificity for the heavy chain of class I HLA A, B, and C molecules and L-368 (IgG1) mAb specific for ␤2-microglobulin were kindly provided by F. Brodsky, University of California at San Francisco.
Fab Fragment Preparation. The Fab fragments were prepared from monoclonal antibodies by using a method described earlier by Edidin (24) . Briefly, IgG mAbs were dialyzed with PBS (100 mM Na 2 HPO 4 ͞150 mM NaCl͞1 mM EDTA, pH 8.0) and digested with activated papain at 37°C for 11 min. The enzyme activity was terminated by addition of iodoacetamide. The reaction mixture was passed through a Sephadex G-100 fine column, and the collected Fab fractions were further separated from intact Ig by using a Protein ASepharose column.
Conjugation of Monoclonal Antibodies with Fluorescent Dyes. Aliquots of purified whole mAbs or Fab fragments (at least at 1 mg͞ml concentration) were conjugated as described previously (25, 26) with fluorescein isothiocyanate (FITC) (Molecular Probes) or sulfoindocyanine succinimidyl bifunctional ester (Amersham). Briefly, the proteins were transferred into a carbonate-bicarbonate buffer at pH 9.4, mixed with 30-to 100-fold molar excess of freshly prepared fluorescence dyes, and incubated for 45-60 min at room temperature. For labeling with Cy3, a kit was used (Amersham). Unreacted dye molecules were removed by gel filtration through a Sephadex G-25 column. The final antibody concentration and the dye-to-protein ratio were determined spectrophotometrically. In the case of FITC this ratio varied between 1 and 4; for Cy3, it varied between 4 and 8. The fluorescently tagged antibodies retained their biological activity as assessed by competition with identical but unlabeled antibodies.
Labeling of Cells with Monoclonal Antibodies. Freshly harvested cells were washed twice in ice-cold PBS (pH 7.4). The cell pellets were suspended in 100 l of PBS (1 ϫ 10 6 cells per ml) and labeled by incubation with approximately 10 g of FITC-or Cy3-conjugated mAbs for 60 min on ice. The excess mAbs over the available binding sites was at least 30-fold during the incubation. To avoid possible aggregation of the antibodies they were air-fuged (at 9 ϫ 10 4 rpm, for 30 min) before labeling. Staining of cells was checked by fluorescence microscopy after the labeling procedure. Special care was taken to keep the cells at an ice-cold temperature before FRET analysis to prevent unwanted aggregation of cell surface molecules and meaningful receptor internalization. Flow Cytometric Energy Transfer Measurements. The donor (FITC) and acceptor (Cy3) labels were targeted to cell surface molecules by the relevant mAbs. The measurements were carried out in a Becton Dickinson FACStar Plus flow cytometer as described before (27) (28) (29) , with minor variations in the excitation and emission parameters. Briefly, the cells were excited at 488 and 565 (occasionally 514) nm sequentially, and the respective emission data were collected at 540 and Ͼ590 nm. The fluorescence emissions were gated on the forward-angle light scatter signal to avoid artifacts from cell debris. Corrections were made for the direct excitability of the acceptor at the donor's excitation wavelength and the spectral spillover of the donor's and acceptor's fluorescence by using cell samples labeled with only FITC-or, alternatively, Cy3-conjugated mAbs. The necessary signals were collected in list mode and analyzed as described before (27) (28) (29) . The efficiency of energy transfer (E) is expressed as percentage of the donor's (FITC) excitation energy tunneled to the acceptor (Cy3) molecules. E has an inverse sixth-power dependence on the donor-acceptor separation distance and thus an extremely high sensitivity to changes in distances in the range of 2-10 nm (30), if the orientation factor, accounting for the relative position of the donor's emission and the acceptor's absorption dipoles, can be considered as a statistical average of isotropic random orientations (i.e., 2͞3) (31). The energy transfer frequency histograms were calculated from the equations described previously (28) . The data analysis was performed by a software program termed F LOWIN (version ␤2). The program was written and kindly provided by L. Balkay and M. Emri (Positron Emission Tomography Center, University Medical School of Debrecen, Hungary). The mean values of the calculated energy transfer distribution curves were utilized and tabulated as characteristic energy transfer efficiencies between two epitopes.
Because data have been obtained on a cell-by-cell basis, the means of energy transfer histograms represent averages over the cell population, whereas each data point is an average for a single cell. A computerized normalization procedure was used to correct for the differences in the actual receptor densities and for the inequalities in the individual dye-toprotein labeling ratios of mAbs. Therefore, a comparison of the energy transfer efficiency data allows a two-dimensional mapping, i.e., a possible projection of mutual proximities onto the plane of the plasma membrane (32, 33) .
RESULTS
Distribution of IL-2 Receptor Subunits in the Plasma Membrane of Resting T Cells. A considerable disproportionality was found between the relative cell surface densities of the three IL-2R subunits on Kit 225 K6 T cells as was observed with other activated T cells and T cell lines (1, 2). The ␣ subunit had a 10-fold higher expression level than the ␤ and ␥ subunits ( Table 1) . Based on the copy numbers observed and the surface area of these cells, if a random Poissonian distribution of the subunits were present, the occurrence frequency of hetero-and homoassociations of any size was predicted to be negligible. Thus, if there were a random distribution, a lack of FRET would be expected between any pairs of labeled subunits. To determine whether there was nonrandom distribution with colocalization, the mutual proximities of ␣, ␤, and ␥ c subunits of the IL-2 receptor complex were characterized by the measure of FRET (mean efficiency: E%) obtained from pair-by-pair measurements between donor-and acceptorlabeled subunits. Because of the larger number of ␣ subunits, the energy transfer was measured for both technical and theoretical reasons (34) from the ␤ or ␥ subunits toward the ␣, in a pairwise fashion.
The Kit 225 K6 T cells were cultured in the presence of 20 units per ml of IL-2 administered on a daily basis. Although mAbs 7G7͞B6 and Mik␤3 can bind to the ␣ and ␤ subunits, respectively, in the presence of IL-2, other antibodies compete with IL-2 for its binding site (e.g., anti-Tac and Mik␤1). Therefore, before FRET analysis, the added IL-2 was either removed from the cells by acid washing (in 10 mM sodium citrate, 0.14 M NaCl, pH 4.0) or the cells were grown for 48-72 hr without IL-2 addition resulting in internalization and catabolism of the available IL-2 by the cells. These latter cells were considered as ''resting'' T cells.
The FRET data concurrently obtained for the subunit pairs of ␤-␣, ␥-␣, and ␤-␥ (Fig. 1 B-D) by using mAbs with different epitope specificities indicated that the these subunits must be in close proximity to each other in the plasma membrane of resting T cells (FRET ␤-␣, 25.4 Ϯ 5.9%; ␥-␣, 20.6 Ϯ 5.1%; and ␥-␤, 12.4 Ϯ 5%). The FRET efficiencies obtained for these labeled subunit pairs was comparable to the intramolecular FRET efficiency (ca. 15%) measured between the labeled ␤2-microglobulin (by L-368 mAb) and heavy chain epitopes (by W6͞32 mAb) of class I HLA molecules on Kit 225 K6 and on a number of other cells (33) . Because the latter FRET efficiency coincides well with the high-resolution x-ray structure of class I HLA molecule (35) , it can also serve as a reference value for any FRET analysis.
A microaggregation of subunits by bivalent whole IgG antibodies can be excluded as a possible reason for the observed FRET, because application of fluorescent Fab fragments of the mAbs to target the subunits resulted in comparable FRET efficiencies (ranging between 14 and 20%) (data not shown). Because the subunits were labeled and kept on ice before FRET analysis, the possible effects of lateral mobility were also minimized.
There are two plausible interpretations for the high energy transfer efficiencies obtained for the ␤-␣ and ␥-␣ subunit pairs. First, the energy transfer observed might reflect the possibility that these subunit pairs are in close proximity to each other within the effective Förster-distance range (ca. 10 nm, in this case). Alternatively, it might mean that both labeled ␤ and ␥ subunits are surrounded by a large excess of acceptor-labeled ␣ subunits, which would increase the acceptor:donor ratio, favoring a more efficient FRET (34) . However, in the latter case, significant homo-transfer of excitation energy would be expected between ␣ subunits labeled with donor-and acceptor-conjugated mAbs directed against the same epitope. This was not observed (Fig. 1 A) . Furthermore, a significant homoassociation of ␣ subunits supporting the second explanation is less likely in the light of recent findings showing a random distribution of gold-labeled IL-2R␣ polypeptides on mouse T lymphocytes (36) and the lack of a tendency to form aggregates in the case of soluble IL-2R␣ (37) . Therefore, the high FRET efficiencies appear to reflect a close mutual proximity of all the three subunits rather than a high acceptor density. A similarly high FRET efficiency (12%) was found between the ␤ and ␥ subunits labeled by Cy-Mik␤3 and FITC-TUGh4 mAbs, respectively (Fig. 1D) , also supporting the view that the three subunits are in relatively close proximity at the surface of resting T cells, in the absence of IL-2.
IL-2R␣ Conformation Probed by Intramolecular FRET. The ␣ subunit of IL-2 receptor complex on Kit 225 K6 resting T cells was specifically labeled at two distinct epitopes through the use of two noncompeting mAbs, FITC-anti-Tac and Cy3-7G7͞B6, respectively. This analysis yielded results that were similar to those that used intramolecular FRET labels on class I major histocompatibility complex (MHC) molecules and may serve as a ''conformational marker'' (38) for the ␣ subunit. A mean FRET efficiency of 18% was obtained for this anti-IL- 2R␣ antibody-pair (Fig. 1 A) , indicating that the two epitopes located on IL-2R␣ are well within the critical Förster distance; thus, changes in the E% with the two anti-IL-2R␣ mAbs would be expected to sensitively monitor conformational changes of the IL-2R␣ molecule.
Modulation of IL-2R Subunit Organization on the T Cell Surface by IL-2, IL-7, and IL-15. The effect of cytokines IL-2, IL-7, and IL-15 on the lateral subunit organization of the IL-2R complex was studied by means of three distinct approaches. The Kit 225 K6 T cells deprived of IL-2 for 72 hr were cultured with these cytokines (for details, see Materials and Methods) for 6 hr before harvesting. After staining the cells with mAbs, we examined the effect of the addition of these cytokines on: (i) the accessibility of subunit epitopes to the mAbs applied in FRET analysis, (ii) the intramolecular FRET within IL-2R␣ (a marker of IL-2R␣ conformation), and (iii) the FRET efficiencies measured between ␤-␣, ␥-␣, and ␤-␥ subunit pairs (a measure of subunit proximity).
As shown in Fig. 2 , IL-2 addition led to a modulation of the mAb binding (epitope accessibility) to all the three subunits. Here, the mean fluorescence intensities of cells labeled to saturation by mAbs (in the presence of cytokines) were compared with the respective intensities of resting cells without cytokine addition. With all subunits, part of the modulation is probably due to changes in the subunit conformation. The modulation was a bit smaller for the ␥ chain. IL-7 left the mAb binding to ␣ and ␤ chains unchanged while meaningfully modifying mAb binding to the ␥ c chain to which it binds. IL-15 is a recently recognized cytokine that shares the ␤ and ␥ c subunits with the IL-2R (39) . This is consistent with the large mAb-binding modulation observed for the ␤ and a smaller one for the ␥ c chain observed with IL-15 (Fig. 2) . The small change in the mAb binding to IL-2R␣ is possibly due to an indirect cross-modulation of its conformation by IL-15 binding to the IL-2R␤ and ␥ c chains that normally associate with it.
The conformation of IL-2R␣ was modulated by all three of the cytokines, as reflected by the changes in intramolecular FRET (Fig. 3) . The increased FRET efficiencies indicate a closer proximity of the Tac and 7G7͞B6 epitopes, i.e., a more compact conformation of ␣ chains upon addition of IL-2, IL-7, or IL-15 to the T cells.
The effects of these cytokines on the mutual proximities of the three IL-2R subunits were tested by FRET measurements on cytokine-pretreated cells (Fig. 3) . It should be noted that receptor binding of cytokines also changed the donor:acceptor ratio (influencing FRET efficiency) by modulation of mAb binding in some cases with the exception of the FRET between ␤ and ␣ subunits. In all cases the direction of the changes would not significantly influence the interpretation of FRET data. These FRET data show that IL-2 binding promotes a closer proximity for both ␤-␣ and ␥-␣ subunit pairs (the FRET efficiencies increased). This might be a result of conformational changes induced by IL-2 binding that leads to stronger bridges among the subunits in the IL-2R complex or, alternatively, the movement together of IL-2R subunits in the plasma membrane. In contrast, the addition of IL-7 that only binds to ␥ c loosened the interaction of the ␣ subunit with both ␤ and ␥ chains, as reflected by the reduced FRET efficiencies (Fig.  3) . IL-15 increased the proximity between the ␣ and ␤ chains while weakening the interaction between the ␣ and ␥ chains. This suggests that the binding of IL-15 breaks up (somewhat linearizes) the triangle geometry of the high affinity IL-2R complex, possibly to allow its private specific receptor, IL-15R␣, to complex with the IL-2R␤͞␥ subunits (39) .
DISCUSSION
In the present study we used fluorescence energy transfer measurements to demonstrate the close proximity of IL-2 receptor subunits in the surface membrane of resting Kit 225 K6 T cells. In contrast to the predictions of the ''affinity conversion model,'' it appears that preassembled subunit pairs (␤͞␥) or heterotrimers (␣͞␤͞␥) form intermediate or high affinity IL-2Rs, respectively, in the absence of added cytokine. These observations are in accord with the IL-2 binding model that postulates the existence of preformed ␣͞␤ complexes in the plasma membrane (14) (15) (16) (17) (18) (19) (20) . In the case of the high affinity receptor composed of all of the three IL-2R subunits, a topological two-dimensional projection of subunit organization could be modeled as a triangle (Fig. 4 ) that is consistent with both the FRET data and the size of the subunits. This triangular model of subunit clustering is very likely in a dynamic equilibrium and is in a form that can be modulated by the binding of the ligands IL-2, IL-7, and IL-15 albeit in diverse directions and extents. The addition of the cognate cytokine, IL-2, strengthens the bridges between the IL-2 subunits, making the triangle more compact (Fig. 4) . These data indicating a closer association of IL-2R␤ and ␥ c on IL-2 addition are in accord with previous reports that IL-2R activation leads to heterodimerization of IL-2R␤ and ␥ chains, leading to signaling (8, 9) . It also is in accord with parallel work that used coprecipitation analysis of IL-2R␥ and ␤ to support this tighter assembly of cytokine receptor subunits on IL-2 addition (40, 41) . In contrast, the addition of IL-7 and IL-15 acted in the opposite direction by opening the triangle, loosening the contact between the IL-2R␣ and ␥ c subunits. This may reflect the movement within the cell membrane of the ␥ c subunit so that it becomes associated with the private specific ␣ receptors for IL-7 and IL-15. This suggests that IL-7 and IL-15 and, although not examined in the present study, IL-4 might inhibit the action of IL-2 by diverting ␥ c from the high affinity IL-2R complex. In support of this view, IL-4 has been shown to inhibit the expression of high affinity IL-2Rs on monoclonal human B cells (42) . Furthermore, IL-4 manifested an inhibitory action on IL-2-supported human B cell proliferation and differentiation (43) . It is of interest that the addition of IL-7 and IL-15 altered the intramolecular distances of IL-2R␣; that is, the FRET between the 7G7͞B6 and Tac epitopes was increased (Fig. 3) . Because neither IL-7 nor IL-15 bind to IL-2R␣, this suggests that the movement of ␥ c away from IL-2R␣ mediated by IL-7 and IL-15 addition leads to a change in the conformation of IL-2R␣. A similar change in the conformations of IL-2R␣ and IL-2R␤ by their proximity was noted previously (17) (18) (19) (20) .
The present approach, FRET analysis, has been used to demonstrate that intercellular adhesion molecule-1 (ICAM-1) and class I MHC are nonrandomly associated with the IL-2 receptor (32) . Such cell surface receptor patterns have also been described for other kinds of receptors. For example, significant subunit clustering in the case of the IL-1 receptor was emphasized by Guo et al. (44) . Furthermore, twodimensional models of receptor distribution have been derived from fluorescence energy transfer data for MHC class I and class II DR and DQ molecules, ICAM-1, the CD20 B cell marker, as well as CD53, CD81, and CD82 ''tetraspan'' molecules (32, (45) (46) (47) (48) . In general, these may be critical events involved in effective signal transduction and the cellular adhesion process (49) . These studies demonstrate that FRET analysis together with scanning force microscopy and videotracking techniques may provide new insights into the molecular organization of multisubunit receptor complexes and the rearrangement of this organization upon ligation.
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